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Can Fulvenes Form from Enediynes? A Systematic High-Level Computational Study on
Parent and Benzannelated Enediyne and EnyneAllene Cyclizations
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Apart from the well-known Bergman, MyetSaito, and Schmittel ring closure reactions of parent enediyne
(4) and enyne-allene @), novel cyclization modes were identified using density functional (DFT) and coupled-
cluster methods. The geometries obtained with several DFT functionals are quite similar; for consistency’s
sake, we employed BLYP/6-31G* geometries; Brueckner double energy single points [BCCD(T)/cc-pVDZ]
on these geometries were used to determine the relative energies.!F@8 ¢yclization of 4 leading to
fulvene biradical8 is 40 kcal mof* endothermic, and the product lies 31 kcal mtabove 1,4-didehydro-
benzener because of the lack of aromatic stabilization. The heat of format\r®) of 8 is predicted to be
172.04 1.0 kcal mot™. Yet another ring closure af leading to dimethylenecyclobutene biradid®lis 69

kcal mol* endothermic and is hardly of preparative interest. A new cyclizatidhsbfould lead to the seven-
membered ring biradicdl3, which is located 33 kcal mot above3 and 24 kcal molt above the Schmittel
product6. As the transition structure for both cyclizations differ by 11 kcal hdl3 may form under suitable
conditions. All other possible modes of cyclization4tlid not lead to stable products. Benzannelation has

a significant effect on the endothermicities of the Bergman and My®asto cyclizations, which are-8

kcal mol* above the parent reactions due to reduced aromatization energy in the naphthalene derivatives.
The endothermicities of the other cyclization pathways are largely unaffected by benzannelation.

SCHEME 1: Antitumor Antibiotics Calicheamicin y'; 1
and Neocarzinostatin 2

The ring closure reactions of some polyunsaturated systems,

such as enediynes or enynallenes, which are known as
Bergmant—* Myers—Saito®® and Schmittel cyclization¥15

are of particular significance both for medicinal and organic
materials chemistr{#—22 Such or structurally related moieties
lead to DNA-cleaving biradicals, i.e., they are potent antitumor
drugs?3-26 Naturally occurring examples are Calicheamigln

(1) or Neocarzinostatin2) (Scheme 13817.2022The parent
reactions are now well understood both experimentaffy3°

and theoretically?-53 Although many modes of cyclization can
be envisaged, only three principally different ones are known
experimentally. However, as we wish to demonstrate in this
paper, other entirely unexplored cyclization modes of enediyne
and enyne-allene substrates are possible. In particular, this study
includes details on a new and important five-membered ring
closure of the enediyne parent system giving rise to fulvene
derivatives.

Background

The exothermic 15 4 3 kcal molt) C2—C7 cycloaroma-
tization of £)-1,2,4-heptatriene-6-yn&,(Myers—Saito cycliza-
tion) leads too,3-didehydrotoluene5( Scheme 2), as,-
biradical which is stabilized by benzylie-conjugation? 2 a
similarly aromatic biradical stems from thé-€C8 cyclization
of (2)-1,5-hexadiyne-3-ene4( Bergman-cyclization)7* In
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SCHEME 2: Cyclizations of Enyne—Allene 3 and
Enediyne 4
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marked contrast t8, 1,4-didehydrobenzen&)(is a nonconju-
gatedo,o-biradical (Scheme 2) which forms endothermically
(8.54 1.1 kcal mot?),54i.e., only at rather high temperatures
(cyclization temperature ca. 20TC). In the presence of a
suitable H-donor such as 1,4-cyclohexadiene or even DNA, the
subsequent formation of two new—& bonds is highly
exothermic and renders the overall reaction irreversible. For both
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SCHEME 3: Synthesis of Indeno[2,1-a]indene SCHEME 5: Cyclization Modes of the Parent Enyne-
Derivative 11 from Dibenzocyclyne 9 via the Suggested Allene 3
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reactions, the driving force is the gain of aromatization energy
by forming a benzenoid system from an open-chain molecule.
Hence, both biradicals are stabilized by about 21 kcal~nol
due to the aromaticitys gains another-13 kcal mof from
benzylic z-conjugatior?56

The G—C8 cyclization of 3 (Schmittel cyclization), which
gives rise to the methyl fulvene biradicdl)( is obviously not
driven by cycloaromatization (Scheme 2) and is therefore quite
unfavorable!®13 Although6 is ao,z-biradical like the Myers-

the best of our knowledge, not been described before. The
barriers 6TS-8TS, 12TS17TS) and reaction energies leading
to biradical products5—8 and 12—16 are computed using
density functional theory (DFT), which is able to describe the
biradical products reasonably well. Improved energies are
derived from coupled-cluster computations utilizing Brueckner
orbitals [BCCD(T)]. The section “Computational Approach”
Saito produc, it lacks the aromatization energy which makes details the choice of the theoretical level. All results are validated

the Schmittel cyclization endothermic by about 10 kcal thol ~ @d@inst known reactions whenever possible. Additionally, the
(computed at MR-GFQ/DZP*" and BCCD(T)/cc-pVDE). effect of b(_an_zannelatmn_on the cycllz_atlons is als_,o e_xamlned.
However, the Schmittel reaction becomes energetically favorable Cléar predm’uons regarding the experimental realization of the
when the acetylenic hydrogen &is replaced by bulky groups €W reactions are made.
like phenyl, tert-butyl, or trimethylsilyl10-1526:3639 These
substituents raise the MyetrSaito cyclization barrier due to
steric hindrance i® and, in the case of phenyl, lower the barrier The description of organic reactions including diradicaloid
for the Schmittel cyclization by radical stabilization through intermediates or transition structures remains a major challenge
conjugation. in quantum chemistr§®-63 The difficulties arise from the fact

A comparison of the three known reactions makes a hitherto that in biradical species with a small singtetiplet separation
unknown G—C? cyclization of the enediyné quite conceivable (AEsT) the approximate wave function can in some cases attain
(Scheme 2), giving rise to the fulvene biradic&).(As the a lower electronic energy by breaking the spatial or spin
Schmittel reaction is energetically about 25 kcal mdlisfa- symmetries present in the exact wave funcfibrf’ Hence,
vored relative to the MyersSaito reaction, it appears likely, single-reference techniques like the unrestricted (U) Hartree
however, that the &-C5 ring closure of4 is even more Fock (HF) method& 70 or perturbation theory approaches
endothermic than the Bergman cyclization. An indication for (MPn),’%72 in which a discrete electronic configuration is
the existence of the’c-C® cyclization reaction comes from the  described by a single or perturbed reference wave function,

Computational Approach

observation that indeno[2,1-a]indene derivathdeforms from respectively, cannot handle such problems. Methods which allow
dibenzocyclyne9, a cyclic system akin td. It was suggested  the proper mixings of competing, near-degenerate valence-bond
that the reaction proceeds via biradical intermedidiewvhich structures are, generally, computationally extremely time-

resembles a derivative & (Scheme 3%/ demanding. Standard approaches to spin or spatial symmetry-

If the C!'—C5 reaction is a possibility, further cyclization breaking problems are multireference techniques like the
modes of3 and 4 (Schemes 4 and 5) must be considered. complete active space self-consistent field (CASSEF or
Enediyne4 may also undergo a%&C®ring closure, giving rise ~ the multireference configuration interaction (MRI)
to the dimethylenecyclobutene biradical. All reactions methods”~7° Another approach is represented by the Brueckner
depicted in Scheme 2 seem to take place only by interaction of doubles (BDJ% 8% ansatz, a coupled-clus#r8® derivative in
sp-hybridized carbon centers. 3nhowever, there are addition-  which the molecular orbitals are rotated in the presence of the
ally two sp? centers which may also be able to participate in a correlation perturbation that the resulting single-excitation cluster
cyclization reaction. Henc& may, at least in theory, undergo  amplitudes vanish. This procedure avoids problems which occur
two ring closures between sp-hybridized and four between sp- sometimes in the case of small singtéiplet gaps for coupled-
and sp-hybridized carbon centers. cluster theory with unmodified molecular orbitafks.These

This report reveals new cyclization modes for the parent methods are highly successful because even the effects of
structures3 and4 (Schemes 4 and 5) which have, at least to nondynamical electron correlation are incorporated to a large
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degree into the approximate wave function which avoids TABLE 1: Singlet—Triplet Separations (AEgst) of Selected
symmetry breaking. Structures; Energies Were Obtained at the UBLYP/6-31G*
Level of Theory (BS-U for Singlets)

An alternative to these highly accurate but extremely time-

consuming methods is offered by nonlocal density functional structure AEsr[keal mol™]*
theory (DFTY? because in comparison to HF theory, DFT is 7 —4.1
less prone to artifactual spatial and spin symmetry bre&kitig® 22 :?-g
Recent articles demonstrate impressively the usefulness of this 5 —06
approach for the description of diradicaloid species as thus occur 6 2.7
in bond-breaking or ring-closure reactiotts1%4 It was empha- 13 0.1
sized that this technique can handle spin symmetry breaking gg :‘;g
problems efficiently and gives results of reasonably high B12 —12
accuracy without the time-demand of mutireference methods. B5 -0.5
Furthermore, the unrestricted broken-spin (BS-U) approach in E?S 8-?

which spatial and spin symmetries of the wave function are
broken by mixing the frontier molecular orbitals allows the  *A negative value indicates a singlet ground staxperimental
inclusion of some static electron correlatitt95:106 This value: 3.8+ 0.4 kcal mof™.?

approach allows for dealing with pure or nearly pure open-shell . o o .
singlet states without the problems associated with partial orbital COMPromise for diradical structure optimizations under consid-
occupancies, and it avoids the collapse of the unrestricted SCFeration in the present paper. . .
(self-consistent field) procedure to the restricted solution. Hence,, 1 here is still much discussion regarding the most suitable
earlier publications treating biradicals suchmsa-benzynes funct|onal_; this al_so includes whether a distinction between pure
as pure closed-shell singlét§119%(.e., using a restricted wave ~and hybrid functionals should be made. Although some sys-
function) should be abandoned. This conclusion is well sup- {€Matic comparisons are availabfé we extend these studies

ported by the finding that the structure dfcomputed at the and compare here_ the resul_ts obtaine_d at a large m_meer of
BS-UBLYP level of theor§®1071% is much closer to the common DFT variants against experimental data, i.e., the

CASSCHBE) tran te RELYP geomety (Fgure 3, The 23 1 eoelo e e e e
importance using an unrestricted, broken-symmetry wave func- reaction enthal. ies I\7verpe both gvaluated at 298 1p5 K and the
tion was emphasized in a very recent insightful discus&&n. _ p . e '

For completeness sake we also compared the o timizedbamer of the Bergman and Myer§&aito reactions were also
fruct pf3—8 ¢ CASlSCF 88)/6 315* . pt | determined at 470.15 and 343.15 K, respectively. In the case
srl';Jtc :Jres (;)BLYP/Z 31G* (Fi ( '1) I- (u|s$g ?a utra | of the predicted cyclizations, we only discuss zero-point
girffé?ei)cig are min-or (wit(h I?#éeeigenpﬁﬁgeé? ’thrse”:ﬁ;"a corrected reaction enthalpies and barriei@ K (AgH, or AgH*,
exocyclic CCH-angle deviates by about °8Single-point respectively), since mainly electronic effects influence the

. reaction mode. All HF, MP2, CCSD(T), BD(T), CASSCF, and
energy evaluations at BCCD(T)/cc-pVDZ were then performed . : . )
on the optimized structures. As the BCCD(T) energies are the DFT computations including the B (Becke's 1958)3

1e)110-112 ' 38,109
consistently lower for the BLYP structures, this seems to (Slaters); LYP (Lee, Yang, and Parr's} PWOL

S R Wang's 199133 P P 1 4 PL
indicate that these are probably a somewhat better descnonnEPg:gzvv:ll,salggal nizggsradigza%t)corrse?:téé‘ée\r/(\jlstv?Voiig}WiIk
of the geometries if they were optimized at the coupled cluster ! '

level. Unfortunately. th ; f routi (imizati and Nosair's)}t® VWN5,116 or B3 (Becke’s three parameter
evel. Unfortunatély, these types of routiné opumizations are 1, ;4117 fnctionals were carried out with Gaussiad9®Eor
currently not yet feasible, but we are confident that the

. . . . newer DFT functional§the combinations including the MPW
gepmetrles chosen. he_re are sune}ble for the higher level S'ngle(Baron’s modified PWAL® or the G96 (Gill's 19960121
points and for qualitative comparisons. functional$, we employed Gaussian9& The reaction enthal-
The vexing question whether DFT is applicable to multiref- pies (Aa0gH)85 and barriers of the Bergman gzgH%)%* and the
erence problems cannot be answered in general terms. Tthyers—Saito (As43H%)8 cyclizations computed at various DFT
underlying problem is whether there is a single electronic |evels and some post HartreEock methods are summarized
configuration which produces a nearly complete density for an i3 Scheme 6.
apparent multireference problem. This is a case-to-case decision \while the best results are obtained with combinations
and cannot be answered a priori. Hence, the applicability of jncluding the correlation functional of Lee, Yang, and Parr, the
DFT to such systems has to be tested individually. We will choice of the exchange functional has a smaller effect on the
demonstrate that this approch indeed is valid for the biradical quality of the DFT results; only Slater's exchange functional
systems under consideration. Final energies were evaluated aperforms poorly and seems to suffer from the lack of gradient
a much higher level. corrections. Since it was shown earlier that the solutions for
Since the products and TSs of the discussed reactions displaypure DFT functionals are somewhat less prone to symmetry-
varying degrees of biradical character, which is evident from breaking!®> MPWLYP, G96LYP, and BLYP are, arguably,
the small singlettriplet separationsAEst, Table 1)6465HF- good candidates for a compromise between chemical accuracy
based single-reference methods are not suitable for the descripand computational demand; note, however, that B3LYP also
tion of the cyclization reactions, and multireference post was advovated recently3Earlier treatises on the Bergman and
Hartree-Fock techniques are too time-consuming for large related cyclizations used either the BP\R&1or the BLYPPL-53
geometry optimizations. As discussed above, DFT offers a functionals. Since up to now the performance of the rather new
reasonable compromise for this quantum mechanically demand-G96LYP functional has not been tested against a larger set of
ing problem?6:50.51.101Tg arrive at stable unrestricted solutions reference molecules, we selected BLYP as our method of choice
and to destroy spatial ard3-symmetries, a BS-U ansatz was for consistency with earlier work.
used for open-shell singlets. From a practical point of view,  The basis set dependence was also checked by systematically
DFT methods utilizing BS-U wave functions offer a suitable enlarging the basis from DZ- to TZ-type valence descriptions
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Figure 1. Structural parameters &8 at CASSCF(8,8)/6-31G* (first entry) and BLYP/6-31G* (second entry, bBBEYP for biradicals). For
para-benzyne 7), the RBLYP/6-31G* geometry is also shown (last entry). For comparison, BCCD(T)/cc-pVDZ energies (unrestricted for biradicals)
were evaluated for the CAS and BLYP structures; note that the BLYP structures give consistently lower BCCD(T) energies Afi9)sitive

(Scheme 7). As often found for DFT, the behavior on increasing what discouraging, this may hold some clues regarding DFT in
the basis set becomes erratic, in particular for pure functionals general. Within the scope of this paper, we were interested in
(BLYP and G96LYP were tested), where cc-pVTZ worsens the identifying a suitable compromise between method and basis
cc-pVDZ results (the same is found for 6-311G** vs 6-31G*). set size; BLYP/6-31G* and G96LYP/6-31G* both seem ac-
B3LYP behaves more consistently but does not necessarily giveceptable in this respect. Again, for consistency’s sake and for
improved results with a better basis set (compare B3LYP/6- comparison with earlier work, we chose BLYP/6-31G* for
311G** vs B3LYP/6-3H-+G**). While this is overall some- geometry optimizations. One referee prompted us to emphasize
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SCHEME 6: Comparison of Computational and TABLE 2: Comparison of Computed and Experimental
Experimental Data for the Bergman and Myers—Saito AH* and AHygs Values of the Bergman and the Myers-Saito

Reactions Utilizing Various DFT Functionals (BS-U for Reactions (in kcal mof™)

the Products, with the 6-31G* for DFT and the cc-pVDZ BLYP/6-31G* BCCD(T)/cc-pVDZ*  experiment
Basis Set for the Coupled-cluster Computations) =
o 718 238 25.6 282 +0.5%
HF 6.65 —
e = ) 85+1.1%
SPW91 267 7 7.3 7.0 N N
SP88 266 .
St E e [ ! prrs 23.0 276 25208
B3PWI1 0.85 ==
} 3
BePes o B7 13.2 16.4 17.8+12'%
SVWNS SN 0.74
SVWN 0.73 .
SPL o7 [ 5TS 17.8 19.7 21.8+0.8°

MPWPW91 0.29

MPWPE6 0.28 6
GoEPWO1 0.27 . 5 -10.8 ~14.8 -15+3

G96P86 0.26

BPWs1 025 a Geometries and thermal corrections from BLYP/6-31G*.
BP86 M 0.24
CCSD(T)/BLYP 0.18 .
BPL 047 energy eva_luatlons at E_iCC_D(T)/cc-pVDZ are nearly unaffected
GosPL 0415 by the choice of optimization level.
MPWPL 014 As demonstrated in Scheme 6, the quality of our results is
BVWN 013 further improved by single-point computations on the BLYP/
GasvWN N 042 6-31G* structures utilizing the Brueckner-doubles coupled-
i luster approach, including triple excitations perturbativel
MPWVWN B0.11 Clus pp ! g p X p y
GosVWS 0.1 {BCCD(T), also called BD(T) on the basis of BS-UHF
MPWVWNS l10.09 reference wave functions. In contrast, coupled-cluster computa-
B3LYP N0.08 tions with unmodified UHF molecular orbitaf CCSD(T} gave
MPWLYP 10.05 poor results. This may be due to the fact that in some open-
BLYP fo.04 shell cases, CCSD(T) overestimates the single-cluster ampli-
GoBLYP §004 tudes. The use of Brueckner orbitals, in which the singles
BCCD(TW/B3LYP ]0.02 . . . . . . e
BCeDTyBLYP |01 contribution is zero due to orbital rotation, leads to a significant
improvement?*

Experiment

aAll enthalpies were evaluated at the respective experimental | ne approach employed in the present paper combines BLYP/
temperature. Every entry is composed of four computed and experi- 6-31G*% structures, thermal, and ZPVE corrections for the
mental values, determined from a total of 321 single computations. BCCD(T) relative energies. The BCCD(T) single-point com-
Presented is the average normalized error square of each method. putations utilized Dunning’s correlation-consistent double-
SCHEME 7: Comparison of the Computational and ?;S_ISVSDeé)W_II:[Q \?;%;ita(: dﬁglzrr'nzaﬁgngg?ﬁgorr‘: d(i)(;ivae” autglrin S
Experimental Data for the Bergman and Myers—Saito P s pha: P quality
Reactions Obtained from the Best Three DET Methods of our theoretical approach, all experimentally known energies

; ; ; for the Bergman and MyersSaito reactions were compared to
Employing Various Basis Set3 .
data computed at the described level (Table 2).

o The data of Table 2 and Scheme 6 show that the computa-
tionally inexpensive BLYP/6-31G* level reproduces the ex-
perimental data reasonably well, while the BCCD(T)/cc-pVDZ
results are roughly within the experimental errors. With this
convincing agreement of experimental and computed data at
hand, further predictions regarding the cyclizations in question
can now be made (Table 3). Unless noted otherwise, we discuss
energies obtained at BCCD(T)/cc-pVDZ//BLYP/6-31G¥
ZPVE.

BLYPiccpVTZ
BLYP/8-311G*
GI6LYPlecpVTZ
GIELYP/E-311G™
B3LYPB-31G"
B3LYPlco-pVDZ
BLYPE-31++G™
B3LYPfccpVIZ
GOBLYPE-31++G™
BLYPiccpVDZ
BLYP/G-31G*
GI6LYPicc-pVDZ
GOSLYPE-31G*
B3LYP/6-311G™
B3LYPB - 31++G™

aPresented is the average normalized error square of each method Enediyne Cyclizations.As the transition structure for the
and basis set. Schmittel cyclization6TS is about 7 kcal mol' above5TS

(Myers—Saito reaction) and the Schmittel prodcts about
that the BS-UDFT approach may work well due to overall error 24 kcal mot? less stable than the MyerSaito producs, it is
cancellation and that this need not be true for other biradical quite understandable th& has not yet been detected as a
systems. We therefore emphasize again that the use of DFT forpossible product of the cyclizations of tharentenyne-allene
these apparent multireference cases must both be treatedystem. This situation changes when the acetylenic hydrogen
individually and be accompanied by higher-level energy evalu- is replaced by bulky groups (vide sujpr@s we have shown
ations, as done in the present paper. As all geometries at therecently, the Schmittel reaction can also be favored over the
“acceptable“ DFT levels of theory are very similar, our final Myers—Saito mode by incorporating enynallenes into strained

Results and Discussion
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TABLE 3: Barriers and Reaction Enthalpies (AoH) of the endothermic than the analogous Schmittel reaction. StruBture
Enediyne (4) and Enyne-Allene (3) Cyclizations (in kcal is also much higher in energy thah as it lacks both
mol™) aromatization and benzylie-conjugation (Figure 2). As a
type of reaction  structure BLYP/6-31G* BCCD(T)/cc-pVBZ  consequence, the fulvene-path transition stru@ii®(42.1 kcal
enediynes 4 0.0 0.0 mol™?) is located 15 kcal molt above that of the Bergman
7TS 25.2 27.1 cyclization (7TS); 8 (39.6 kcal mot?) is 31 kcal mot? less
7 8.5 8.3 stable than7. Hence, in agreement with all experimental
gTS ﬂ'g ‘3%'(15 observations8 is not likely to form from the cyclization o4.
127S o - For further study, it is nevertheless instructive to analyze the
12 68.8 69.0 electronic structure 08. This aids in answering the question
benzannelated B4 0.0 0.0 under what circumstances this cyclization may be realized.
enediynes B7TS 24.6 29.2 There are two isomers of the fulvene biradical which differ
EZ%TS %‘71"21 ﬂg in the configuration of the hydrogen at the exocyclic double
B8 37.4 38.7 bond (Figure 2). TheZ)-configuration8a is 2.7 kcal mot?!
B12TS 67.3 71.8 more stable than th&}-isomer8b because there is a stabilizing
B12 67.9 70.9 interaction of the shorbital at C and the antibonding orbital
of the G¢—C5 bond (numbering see Scheme 2). The analogous
enyne-allenes 3 0.0 0.0 interaction with the €—CS antibonding orbital irBb is smaller,
5TS 18.7 20.6 S . . .
5 o7 —13.7 which is also evident from the differences in bond lengthis(C
6TS 25 4 27.9 C58a1.582 A and8b 1.537 A; &—CJS5 8a 1.474 A and8b
6 12.9 8.8 1.488 A) of the acceptor bonds. Howev@h may play an
igTS gi-g 2;-8 important role in the cyclization of disubstituted enediynes when
benzannelated B3 00 00 bulky groups try to minimize steric repulsion. o
enyne-allene B5TS 195 231 In marked contrast to the TS of the Bergman cyclization, the
B5 —45 -5.8 transition structure for the & C° ring closure is highly
B6TS 25.2 28.4 biradicaloid. Optimizations along this cyclization path show that
B6 11.9 9.4 a proper TS indeed can only be located if a broken-spin open-
ESTS gg; gg'; shell (BS-UBLYP) wave function is used. Not unexpectedly, a
' ' closed-shell (RBLYP) approach yields a steady increase in
a2 Geometries and thermal corrections from BLYP/6-31G*. energy with decreasingl€ C® distance without going through
a maximum (Figure 3). At the transition state, there is an energy
o H H\,. gap between the unrestricted and the restricted approach (grey
F’{/\‘ ’ f4¥H box, Figure 3). In contrast, the transition structure for the-C
:\f/ ~s C% (Bergman) cyclization shows no biradical character, as noted
in many computational studies before; i.e., there is no energy
6 8a 8b gap at the maximum of the energy profile between the closed-
Figure 2. Delocalized vs localized spin densities of the Schmittel shell and the broken-spin open-shell ansatz.
product6 and the fulvene biradica. The enthalpy of formatior\;H of 8a can be predicted using

cyclic system$32129|n a previous computational study, we an isodesmic equation (Table 4). This approach has been used
found that an eight-membered ring enyradlene favors the  recently to predict thé\\H of the Schmittel produdi in a highly
Schmittel product because of a lower barrier and slightly less accurate way? Comparison of the experimental (13801.0
unfavorable endothermicity compared to the corresponding kcal mol?) and computed (137.% 2.0 kcal mot?) enthalpy
Myers—Saito reaction. The nine-membered enyaélene also  of formation of 7 at the BCCD(T)/cc-pVDZ level of theory
gives the Schmittel product under kinetic control; other ring shows the predictive quality of our approach. Our best prediction

sizes favor the MyersSaito cyclization. for the AiH° of 8ais 172.0+ 1.0 kcal mot™.
The yet unknown €-C5 cyclization of the parent enediyne Another cyclization mode o4, also unknown thus far, is the
system 4 giving rise to the fulvene biradicaB is more formation of the dimethylenecyclobutene biradit2l(Scheme
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Figure 3. Closed- and open-shell’€C? (fulvene) and &-C® (Bergman) cyclizations o# at BLYP/6-31G*.
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TABLE 4: Isodesmic Equation for the Determination of the
Heat of Formation AsH of 8a (AsH Benzene= 19.81 kcal
mol~1,126 Fulvene = 53.6 kcal mol 1,126 Dehydrobenzene=
138.0+ 1.0 kcal mol )53

b0 —4-0

ArH AH
BLYP/6-31G* 0.02 171.8: 1.0
BCCD(T)/cc-pVDZ 0.23 172.@: 1.0

aZPVE taken from BLYP/6-31G* frequency computations.
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Figure 4. Comparison of the cyclization potential energy surfaces of
the enediyne parent systefnand its benzannelated derivati?g at
BCCD(T)/cc-pVDZ//BLYP/6-31G*.
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Figure 5. Comparison of the cyclization potential energy surfaces of
the enyne-allene parent systeand its benzannelated derivatiB8
at BCCD(T)/cc-pVDZ//BLYP/6-31G*.

The benzannelated derivative of the fulvene biradical (1-
methylene-H-indene biradical B8) is marginally stabilized
relative to the parent system (0.9 kcal m9] the same applies
to B8TS (0.5 kcal motl). As a consequence, cyclization does
not take place in either reaction; i.e., there is no aromatic
stabilization (Figure 4). Again, this is also evident from the
almost thermoneutral (1.3 kcal md) isodesmic reaction
described in equation 2. The transition structure is, 8Re,
highly biradicaloid.

Cro — o -d o

Enyne—Allene Cyclizations. As there is one more carbon

4). Not unexpectedly, this ring closure is even more endothermic 5tom which may be involved in the cyclization reactions, there

than the @—C?® cyclization (about 54 kcal mol above?7).
Additionally, the corresponding transition structdTs which,

are more hypothetical ring closures possible for eryaliene
3 compared to4. In contrast to all G—Csp reactions of the

despite extensive efforts, could not be determined exactly, is atenediyne, sphybridized carbon atoms can now also partake in

most 5 x 1072 kcal mol! above biradicall2, so that this
reaction would not be experimentally feasible.

Effect of Benzannelation.The benzannelated enediyne (1,2-
diethynylbenzeneB4) undergoes the same reactionsdabut

the ring closures.

The cyclization producing the seven-membered ring biradical
(cycloheptatriene biradicdl3) by joining the terminal carbon
atoms of3 is the most promising with regard to its experimental

the energetics are somewhat different. As also observedysgrification. In contrast to the reactions known to date, the

experimentally (the rate-determining step is altefddhe

biradical is formed by the interaction of an sp and ahcsbon,

Bergman cyclization giving rise to 1,3-didehydronaphthalene |eading to as,o-biradical. This cyclization is 31.7 kcal ndl

B7 is more unfavorable than the parent reacfihilhis is due

endothermic, and3is about 23 kcal mof! less stable than the

to the fact that the total aromatization energy of naphthalene is schmittel produce. Since6 is not observed in the cyclization

smaller than that of two benzene ring$The parent Bergman
ring closure gains the full aromatization energy, while 1,3-
didehydronaphthalen®7 does not benefit from additional
benzenoid stabilization through cycloaromatizatio®df This

is exemplified by the exothermicity—9.4 kcal mot?) of
isodesmic equation 1.

<+“_>[j/i+©(1)
A M =

As a consequence, transition st&@éTS (29.2 kcal mot?)
lies 2.1 kcal mot! above7TS, andB7 is 9.4 kcal mot? less
stable thar (Figure 4). As found fof7TS, the B7TS has no
biradical character. Partial loss of aromaticity Bi2 makes
this reaction 2.0 kcal mot more unfavorable than cyclization

of 3, the formation of13 is even less likely. However, the
transition structurel3TS (37.4 kcal mot?) is about 10 kcal
mol~t higher in energy thaBTS for the Schmittel cyclization.
Provided that suitable substituents can be found, the synthesis
of derivatives of the seven-membered ring biraditalmay
nevertheless be viable. The transition st8& S has nearly no
biradical character like that of the MyerSaito and Schmittel
reactions.

The benzannelated enynellene (1-ethinyl-2-propa-1,2-
dienyl-benzeneB3) undergoes similar reactions 8sand has
an energy pattern similar to that df and B4 results. The
benzannelated MyersSaito produciB5 (—5.8 kcal mof?) is
about 8 kcal mol! above5 because of the reduced aromaticity
in the naphthalene-like product (Figure 5). As the benzannelated
Schmittel producB6 does not form via a cycloaromatization
reaction, the energy (9.4 kcal md) remains merely the same,

to 12. In contrast to the parent system, the transition structure andB6 is only marginally destabilized by the benzene rin@ (7

B12TS (71.8 kcal mot?) could be identified, but it is merely
0.9 kcal mof! aboveB12 (Figure 4).

kcal mol1).128 The barrier and reaction enthalpy to formation
of the 7H-benzocycloheptene biradidall3 is virtually un-
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E (kcal mol™) SCHEME 8: Schematic representation of a possible way
4 of synthesizing fulvene derivatives from disubstituted
52.5 enediynes
50 ‘ P .
2 Z
CEED - 0 — 50
s N 4
45
425 6-31G* basis set. Although the average errors with the highly
a0l popular B3LYP functional combination are only slightly larger,
. the danger of symmetry breaking disfavors this approach
1. , . somewhat. The relative energies can be further improved
T4 1.5 1.85 16 1.65 17 . utilizing BCCD(T)/cc-pVDZ single points on the BLYP/6-31G*
acietid) geometries. Remarkably, the agreement between experiment and
Figure 6. Energy surface of the €&C” and G—C°¢ cyclizations at theory is on average withitt 1.5 kcal mof?! at this high level
BLYP/6-31G*. of theory.

) . In addition to the €—C® (Bergman) ring closure, we found
changed relatlye to the parent regcthn. Irj contrast to all other g enediyne4 also undergoes a novel'€CS cyclization,
enyne-allene ring closured313TSis biradicaloid. giving rise to fulvene biradica. Because of the lack of aromatic

Othe_r CVC"Z"?‘“OF‘ modes fc8 do not lead to stationary open o conjugative stabilization of the radical sites, the reaction
shell singlet biradical structures. C;areful investigation of the enthalpy is rather high (39.6 kcal mé). The corresponding
C*~C’ and C—C® cyclization reaction coordinates showed &y ansition structur8TS s associated with a barrier of 42.1 kcal
monotonic increase of the energies with decreasingCC 511 and has, in contrast to that of the Bergman reacfiarsy,
distances (Figure 6); the’€C° mode is similarly inaccessible.  g;qificant biradical character because of its late location along
Therefore, these cyclizations can be excluded. the reaction path. There are two isomers of prodigthich
differ in the position of the hydrogen at the exocyclic double
bond. Although theZ)-isomer 8a) is 2.7 kcal mof* more stable

The present work demonstrates that there are, apart from thethan the E)-isomer 8b), the latter may play an important role
already well-known Bergman, MyetsSSaito, and Schmittel in the cyclization of disubstituted enediynes. With regard to the
reactions, other important cyclizations possible for enediynes experimental verification of the predicted five-ring cyclization,
and enyne-allenes. Some of these may be realized experimen- we suggest that bulky groups at the enediyne termini should
tally and are important for the synthesis of new hydrocarbon favor this mode over Bergman cyclization (Scheme 8), due to
materials or potential antitumor antibiotics. minimization of steric repulsion in the fulvene derivative. The

In elucidating the new reaction pathways, we first examined problem, however, may be that this will increase the barriers
in detail the applicability of the most common DFT methods for cyclization even more.
for the systems under consideration. This also aims at identifying As the computed enthalpy of formation fgrbenzyne7
reliable DFT approaches for systematically studying open-shell (determined by an isodesmic equation) agrees very well with
hydrocarbons which may otherwise only be treated with highly experiment (137.53- 2.0 kcal mot™® vs 138.0+ 1.0 kcal mot™,
sophisticated multireference methods. The G96LYP, BLYP, and respectively), a similar isodesmic approach confidently predicts
MPWLYP flavors are most suitable in conjunction with a AH° of 8ato be 172.04 1.0 kcal mot™.

Concluding Remarks and Outlook

AH (kcal mol™)

A H
Ll [Q unknown
60 12
50 | unknown
40
unknown
30}
20 Schmittel
10
o Bergman
10
Myers-Saito

Figure 7. Comparison of the barriers and reaction enthalpies of the enediyrand enyne-allene @) parent system cyclizations.
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